Mast cells play critical roles in the regulation of acute and chronic inflammations. Apoptosis is one of the mechanisms that limit and resolve inflammatory responses. Mast cell survival can be controlled by growth factors and activation of the IgE-receptor FceRI. Members of the Bcl-2 protein family are critical regulators of apoptosis and our study provides evidence that the proapoptotic BH3-only family member Bim is essential for growth factor deprivation-induced mast cell apoptosis and that Bim levels increase upon FceRI activation. Bim deficiency or Bcl-2 overexpression delayed or even prevented cytokine withdrawal-induced mast cell apoptosis in culture. The prosurvival protein Bcl-X L and the proapoptotic Bim were both induced upon FceRI activation. These results suggest that Bim and possibly also other BH3-only proteins control growth factor withdrawal-induced mast cell apoptosis and that the fate of mast cells upon FceRI activation depends on the relative levels of pro-and antiapoptotic Bcl-2 family members.
Introduction
Mast cells are important effector and regulatory cells in inflammatory reactions. Upon activation, mast cells release and secrete inflammatory mediators, such as histamine, proteases, prostaglandin, leukotrienes and cytokines (e.g. TNF-a). Mast cells originate from hemopoietic stem cells in the bone marrow and are dispersed throughout most tissues. Although mast cells have been studied mostly in the context of allergic diseases, it is now evident that these cells also play a critical role in host defense against certain pathogens. 1 Moreover, it has been demonstrated that mast cells can influence the onset and/or disease severity of chronic inflammatory reactions, for example in certain autoimmune diseases. 2 In healthy individuals, the numbers of tissue mast cells are kept at a constant level, but during inflammation, such as allergy, 3 allergic asthma 4 or rheumatoid arthritis, 5 their numbers are increased. When the inflammation has resolved, mast cell numbers decline, and there is evidence that apoptotic cell death is involved in this process. The regulation of mast cell homeostasis has not been studied in any great detail and the molecular mechanisms involved in mast cell apoptosis still need to be deciphered.
Mammals have two distinct apoptosis signaling pathways 6 that converge upon activation of aspartate-specific cysteine proteases (caspases) which demolish cells by cleaving vital structural proteins and by activating latent enzymes that degrade DNA. 7 The Bcl-2 family of prosurvival and proapoptotic proteins are critical regulators of cell survival 7 and the balance between the two subgroups determines whether a cell will survive or undergo apoptosis. The prosurvival Bcl-2 family members include Bcl-2, Bcl-X L , Bcl-w, A1, Mcl-1 and Boo/Diva and these proteins all share three or four regions of homology, called Bcl-2 homology (BH) regions. The proapoptotic family members can be further divided into two subgroups, the Bax/Bak-like proteins and the BH3-only proteins. The Bax/Bak subgroup consists of Bax, Bak, Bok/Mtd, Bcl-x S , Bcl-G L and Bfk and these proteins share two or three BH regions and, surprisingly, at least in the case of Bax also extensive structural similarity with their prosurvival relatives. 7 The BH3-only proteins include Bik/Blk/Nbk, Bad, Hrk/DP5, Bid, Bim/Bod, Noxa, Bmf and Puma/Bbc3 and they share with each other and the Bcl-2 family only the BH3 region. 8 The BH3 domain is essential for the binding of these proapoptotic proteins to the antiapoptotic Bcl-2 family members and for inducing apoptosis. 8 Genetic and biochemical experiments have indicated that the BH3-only proteins initiate programmed cell death and stress-induced apoptosis and that the Bax/Baklike proteins play an essential role in cell killing further downstream. 9, 10 Knowledge about the role of Bcl-2 family members in the regulation of mast cell survival and apoptosis is limited. It has been shown that Bcl-2 and Bcl-X L are expressed in mast cells, [11] [12] [13] but very little is known about their function in these cells. It has been reported that baxÀ/À and bcl-2À/À mice have abnormal numbers of mast cells in certain tissues but no general difference with wt animals were observed. 14 We have previously shown that the Bcl-2 family member A1 is critical for the prosurvival stimuli triggered by crosslinking of the highaffinity IgE receptor, FceRI. 15 In this study, we provide the first evidence for an essential function of the proapoptotic BH3-only protein Bim in mast cells and that its expression can be regulated by FceRI activation.
Results
Bim is an inducer of cytokine withdrawal-induced apoptosis in mast cells
To examine whether Bim has a function in the regulation of growth factor withdrawal-induced mast cell apoptosis, we compared the survival of in vitro-developed bone marrowderived mast cells (BMMC) from bimÀ/À 16 and wt mice. In order to further study the role of Bcl-2 family members in the regulation of mast cell survival and apoptosis, mast cells were also generated from vav-bcl-2 transgenic mice, which overexpress Bcl-2 in all hemopoietic cells, including mast cells. 17 The mast cells were produced in either IL-3, or in the presence of both IL-3 and stem cell factor (SCF). The BMMC developed from the wt, bimÀ/À and vav-bcl-2 transgenic mice all had typical mast cell morphology and staining of granula by toluidine blue. Flow cytometric analysis demonstrated that the different genotypes expressed the SCF-receptor Kit and the IgE-receptor FceRI to similar extent ( Figure 1) .
It has previously been demonstrated that mast cells undergo apoptosis as a result of growth factor withdrawal. 18, 19 In our experiments, the wt, bimÀ/À and vav-bcl-2 transgenic mast cells were deprived of either IL-3, IL-3 and SCF, or of SCF alone. Cell death was determined by staining with propidium iodide followed by flow cytometric analysis. After 48 h of IL-3 deprivation from mast cells produced in IL-3 alone, only 13% wt cells had survived, whereas 42% of the bimÀ/À cells were still alive (Figure 2 ). After 15 h of growth factor (IL-3 plus SCF) deprivation of mast cells produced in both IL-3 and SCF, only 8% of the wt cells remained alive, whereas 50% of the bimÀ/À cells were still alive (Figure 3 ). When only SCF was withdrawn from BMMC produced in IL-3 plus SCF, 29% of the wt BMMC remained alive after 48 h, while 57% of the bimÀ/À mast cells had survived (Figure 4 ). Higher concentrations of IL-3 delayed the cell death, but did not rescue the cells from undergoing apoptosis (data not shown). The results demonstrate for the first time that Bim is involved in the induction of mast cell death following growth factor withdrawal. Our results also show that IL-3 alone is not sufficient to promote survival of mast cells produced in both IL-3 plus SCF.
We also investigated the effect of overexpressing the prosurvival gene bcl-2 on growth factor withdrawal-induced mast cell apoptosis. Overexpression of Bcl-2 protected mast cells even more potently against cytokine deprivation-induced apoptosis than did loss of Bim (Figures 2-4) . Hence, additional Bcl-2 inhibitable death inducers besides Bim, most likely other BH3-only proteins, may be involved in the mast cell death triggered by growth factor withdrawal.
When growth factors were withdrawn from the vav-bcl-2 transgenic BMMC that had been produced in both IL-3 and SCF, there was an almost complete rescue from cell death even after 6 days, the latest time point studied (Figures 3 and  4) . When IL-3 was withdrawn from the BMMC produced in only IL-3, overexpression of Bcl-2 also provided substantial protection from apoptosis, but not as much as for the cells produced in both IL-3 and SCF ( Figure 2 ).
An interesting observation was that mast cells produced in both IL-3 and SCF are much more sensitive to growth factor withdrawal than BMMC produced in IL-3 alone (Figures 2 and  3 ). For wt mast cells produced in IL-3, it took 3 days of growth factor withdrawal before most cells were dead (Figure 2) . However, when wt mast cells that had been produced in both IL-3 plus SCF were starved of their growth factors, almost all cells were already dead after 20 h (Figure 3) . Together with the observation that upon cytokine withdrawal Bcl-2 overexpression can almost completely rescue BMMC produced in IL-3 and SCF but only partially rescue those grown in IL-3, these results indicate that there are significant differences in the mechanisms regulating apoptosis following growth factor withdrawal, depending on whether mast cells have been produced in IL-3 alone or by the combined stimulation with IL-3 and SCF.
The prosurvival effect of IgE-receptor activation is not due to inactivation of Bim FceRI stimulation does not promote survival in SCF-deprived or Bcl-2 overexpressing mast cells As already described above, the mechanisms of growth factor withdrawal-induced BMMC death depends on the cytokines in which they have been produced. Similarly, we found that the method of mast cell production affected FceRI activationinduced BMMC survival. When only SCF was withdrawn from BMMC produced in IL-3 plus SCF, no prosurvival effect was obtained as a result of IgE-receptor crosslinking ( Bim and Bcl-X L proteins are upregulated upon IgE-receptor crosslinking
We next examined the expression of several pro-and antiapoptotic proteins of the Bcl-2 family in BMMC and in Figure 3 Bim deficiency and bcl-2 transgene expression inhibit mast cell death induced by removal of IL-3 and SCF. Wt, bimÀ/À and vav-bcl-2 transgenic BMMC produced in IL-3 and SCF were deprived of both IL-3 and SCF, and cell viability was analyzed at the time points indicated as described in Figure 2 . Data are presented as the mean7S.D. (n ¼ 6). Significant differences compared to wt were obtained as indicated (*Po0.05) Figure 4 Bim deficiency and bcl-2 transgene expression inhibit SCF withdrawal-induced mast cell death. Wt, bimÀ/À and vav-bcl-2 transgenic BMMC produced in IL-3 and SCF were deprived of SCF, and cell viability was analyzed at the time points indicated as described in Figure 2 . Data are presented as the mean7S.D. (n ¼ 4). Significant differences compared to wt were obtained as indicated (*Po0.05) the C57 mast cell line ( Figure 6 ). The C57 mast cell line was used to compare primary growth factor-dependent mast cells with a growth factor-independent cell line. Cell lysates were prepared from resting and FceRI-activated BMMC grown for 10 h in the presence or absence of IL-3 and SCF (Figure 6a) . The C57 mast cell line is growth factor independent, therefore these cells were deprived of serum instead of growth factors, and the cells were harvested and lysed 72 h after activation and/or serum deprivation (Figure 6b) . All of the Bcl-2 family members analyzed were readily detectable in BMMC and C57 cells ( Figure 6 ). These included the prosurvival proteins Bcl-X L , Bcl-2 and Bcl-w, the proapoptotic multi BH domain protein Bak and the proapoptotic BH3-only proteins Bim, Bmf and Bad.
In agreement with our previous mRNA expression analysis, 15 we could detect upregulation of Bcl-X L protein levels upon IgE-receptor crosslinking, both in BMMC and in C57 cells ( Figure 6 ). We also observed that withdrawal of IL-3 and SCF caused a shift in migration of the Bcl-X L and Bcl-2 bands on the Western gel (Figure 6a ). The Bcl-X L and Bcl-2 proteins were found as distinct, slow-migrating bands in lysates from the growth factor-deprived cells, whereas lysates from cells grown in the presence of cytokines also contained fastermigrating proteins (Figure 6a ). This shift in migration could be due to differences in phosphorylation status. Both Bcl-X L and Bcl-2 are known to be phosphorylated and dephosphorylated, and it has been reported that this can affect their function. 20, 21 It has been reported that Bim protein levels are increased upon growth factor withdrawal in several cell types. 22, 23 Surprisingly, we found that both Bim EL and Bim L were strongly increased following IgE-receptor activation ( Figure 6 ). We also analyzed the expression of the Bcl-2 family members Bim, Bcl-X L and Bcl-2 in BMMC produced in IL-3. A similar expression pattern could be observed in BMMC produced in IL-3 as for those produced in IL-3 plus SCF (Figure 6c ). Bim and Bcl-X L were induced after IgE-receptor activation, Figure 5 Absence of Bim does not affect the prosurvival stimulus from IgE-receptor crosslinking. In the experiments shown (a-i) wt, bimÀ/À or vav-bcl-2 transgenic BMMC were activated by crosslinking of the FceRI by IgE, followed by withdrawal of growth factors. (a, d and g) BMMC produced in IL-3 were deprived of IL-3, with or without IgE-receptor activation prior to growth factor withdrawal. (b, e and h) BMMC produced in IL-3 and SCF were activated and deprived of IL-3 and SCF. (c, f and i) BMMC produced in IL-3 and SCF were activated, and SCF was withdrawn. In all experiments, cell viability was analyzed as described in Figure 2 . Data are presented as the mean7S.D. (n ¼ 4-6). Significant effects compared to resting cells were obtained as indicated (*Po0.05) whereas Bcl-2 levels were unaffected. This is the first observation that FcR activation can lead to upregulation of a proapoptotic BH3-only protein.
We further analyzed the kinetics of the IgE-receptor activation-induced upregulation of Bim and Bcl-X L . Both Bim and Bcl-X L were upregulated 2 h after IgE-receptor crosslinking (Figure 6d and e) . This was observed in the BMMC produced in IL-3 plus SCF as well as in the cells produced in IL-3 alone.
Growth factor deprivation changed both the level and the migration pattern of the Bim protein. In BMMC grown in the presence of IL-3 and SCF, Bim EL consists of proteins migrating with slightly varying mobilities on SDS-PAGE giving rise to a blurry band (Figure 6a ). However, following deprivation of IL-3 and SCF, only fast-migrating Bim EL was found. As for Bcl-X L and Bcl-2, also the Bim protein has been reported to be a target for phosphorylation 24 and this is thought to regulate its degradation through the proteasome Figure 6 Crosslinking of FceRI by IgE increases the levels of Bim and Bcl-X L proteins. (a) Wt BMMC produced in IL-3 and SCF were activated by IgE-receptor crosslinking, deprived of IL-3 and SCF, or subjected to both stimuli. After 10 h, the levels of different Bcl-2 family members were analyzed by Western blotting using specific polyclonal or monoclonal antibodies. (b) C57, a cytokine-independent mast cell line, was stimulated by IgE-receptor crosslinking and/or deprived of FBS. After 72 h, protein levels were analyzed as in (a). (c) Wt BMMC produced in IL-3 were activated by IgE-receptor crosslinking and/or deprived of IL-3. After 10 h, protein levels were analyzed as in (a). (d and e) BMMC produced in IL-3 plus SCF or in IL-3 alone were activated by IgE-receptor crosslinking and/or deprived of growth factors for varying periods of time. Protein levels were analyzed as in (a). (f) Cell lysates from BMMC produced in IL-3 plus SCF were treated with alkaline phosphatase, and then analyzed by Western blotting as in (a). The Probing with anti-Hsp70, anti-Actin, or anti-Erk Abs was used as control for the amount of proteins loaded. The results shown are representative of two independent experiments pathway. 25, 26 In order to analyze whether the differences in migration mobility of Bim EL on the Western gel is due to differences in phosphorylation status of Bim EL , cell lysates from BMMC cultured in IL-3 plus SCF were treated with alkaline phosphatase before loading onto a Western gel. This treatment abolished the slower migrating portion of the Bim EL band (Figure 6f ), demonstrating that this upper band represents a phosphorylated form of Bim EL .
Discussion
Bim has been shown to be involved in the regulation of apoptosis in several cell types, including B lymphocytes, mature T lymphocytes, thymocytes, monocytes, granulocytes, osteoclasts and neurons. 16, 23, [26] [27] [28] Our studies demonstrate for the first time that Bim is involved in the induction of mast cell death following growth factor withdrawal. Since we only observed a delay in the induction of death in bimÀ/À mast cells compared to wt cells, and not a total rescue, other factor(s) in addition to Bim most likely are involved in cytokine deprivation-induced mast cell death. It is possible that other BH3-only proteins expressed in mast cells play an important role in this cell death and this needs to be investigated further by using knockout mice lacking, for example, Bad, Blk, Puma or Bid. Puma is of particular interest since it has recently been shown that Puma plays a critical role in cytokine withdrawalinduced apoptosis of thymocytes and myeloid progenitors. 29, 30 The finding that overexpression of Bcl-2 protected mast cells even more potently against cytokine withdrawalinduced apoptosis than did loss of Bim provides further evidence that other Bcl-2 inhibitable death inducers besides Bim, most likely other BH3-only proteins, are involved in the mast cell death caused by growth factor deprivation.
In our experiments, we could observe some differences depending on how the BMMC were produced -in IL-3 alone or by costimulation of IL-3 plus SCF. For example, we found that Bcl-2 protected more potently from growth factor deprivationinduced apoptosis in BMMC produced in IL-3 plus SCF compared to in BMMC produced in IL-3 alone. This may indicate that in mast cells Bcl-2 can compensate more efficiently for SCF-receptor signaling than for IL-3 signaling. A possible explanation for this finding may be that Bcl-2 noninhibitable death inducers contribute to the growth factor withdrawal-induced death of mast cells produced in only IL-3. Alternatively, Bcl-2 may be more efficiently neutralized in mast cells produced in IL-3 alone compared to those produced in IL-3 plus SCF.
We also observed that the BMMC produced in both IL-3 plus SCF proliferated much more rapidly than did the BMMC produced in IL-3 alone (data not shown). This is consistent with what has been observed by others. 31 This may indicate that increased level of cytokine stimulation and increased cell cycling render mast cells (and perhaps also other cell types) more dependent on growth signals.
Another interesting finding was that mast cells produced in both IL-3 plus SCF undergo apoptosis much more rapidly upon growth factor withdrawal than does BMMC produced in IL-3 alone. A similar rapid decrease in mast cell viability upon SCF withdrawal from cells maintained in SCF has been reported earlier. 19 Taken together, our results demonstrate that depending on whether mast cells have been produced in IL-3 alone or by the combined stimulation with IL-3 and SCF, the cells differ significantly in their response to growth factor deprivation.
It has been reported that crosslinking of the high-affinity IgE-receptor FceRI elicits a prosurvival response in mast cells. 15, 32 We have previously shown that mRNA levels for the prosurvival genes A1 and Bcl-X L are increased following IgEreceptor crosslinking and that A1 is critical for the activationinduced survival of mast cells. 15 We investigated whether inhibition of Bim function is the most critical prosurvival stimulus elicited by IgE-receptor crosslinking. Our results do not support this hypothesis, but instead indicate that inhibition of Bim alone cannot be the sole prosurvival activity of FceRI stimulation. Since FceRI stimulation did not further increase the survival of cytokine-deprived mast cells overexpressing Bcl-2, it is likely that this antiapoptotic signal prevents activation of certain BH3-only proteins, perhaps Puma or Bad, since they have been implicated in growth factor withdrawal-induced apoptosis. 29, 30, 33 Not only were there differences in the mechanisms regulating apoptosis following growth factor withdrawal depending on the cytokines used for cell growth but we could also observe differences in the IgE-receptor activationinduced prosurvival stimuli. When BMMC produced in both IL-3 plus SCF were IgE-receptor activated followed by withdrawal of SCF alone, the mast cells did not survive better than did mast cells that had not been FceRI stimulated. In contrast, IgE-receptor stimulation elicited a prosurvival activity in mast cells deprived of both IL-3 and SCF. Moreover, in Bcl-2-overexpressing mast cells produced in IL-3 plus SCF, there was no prosurvival response from IgE-receptor activation compared to resting mast cells, when depriving the cells of cytokines following the FceRI stimulation. The protection of the cells may, in these experiments, already be maximal due to the overexpression of Bcl-2, which could explain why no further prosurvival effect is seen after FceRI activation.
In a previous study, we analyzed the mRNA levels of several Bcl-2 family members in resting and IgE-receptoractivated cells, and found that the prosurvival members A1 and Bcl-X L were upregulated.
15 However, at the protein level, it has not yet been thoroughly analyzed which Bcl-2 family members might be involved in the regulation of apoptosis following IgE-receptor crosslinking or growth factor withdrawal. It has previously been reported that SCF withdrawal leads to downregulation of the Bcl-2 and Bcl-X L protein levels in human mast cells. 13 In some other cell types (e.g. lymphoid or neuronal cells), the proapoptotic BH3-only protein Bim has been reported to be upregulated upon growth factor withdrawal, 22, 23, 34 but the expression of Bim has not yet been studied in mast cells. In this study, we found that the prosurvival Bcl-X L and, to our surprise, the proapoptotic Bim proteins were both strongly upregulated following IgEreceptor activation. This is the first time that it has been shown that FcR activation can result in upregulation of a proapoptotic BH3-only protein. We have recently shown that activation of the T-cell receptor induces upregulation of Bim and that this is critical for the deletion of autoreactive thymocytes. 27 The signaling pathways responsible for FceRI-mediated upregulation of Bim needs to be further investigated. Mast cell activation through FceRI has been reported to stimulate the Akt signaling pathway. 35 Activation of Akt has in several cell types been shown to result in phosphorylation, and hence inactivation, of forkhead transcription factors, such as FOXO3a. 36 Since FOXO3a, when in an active state, is considered as an important transcription factor for Bim, 22 the observed FceRI-mediated upregulation of Bim was somewhat unexpected. Studies on other transcription factors besides forkhead transcription factors might shed light on signaling molecules that are responsible for the upregulation of Bim following IgE-receptor activation.
The finding that both prosurvival and proapoptotic members of the Bcl-2 protein family are upregulated in response to IgEreceptor activation might explain why this type of activation in some experimental settings results in decreased cell death, while no prosurvival effect is seen in other conditions. Cell fate is likely to be determined by the balance between the prosurvival and the proapoptotic molecules.
An interesting observation was that deprivation of IL-3 and SCF from mast cells can alter the phosphorylation state of several Bcl-2 family members, including Bim, Bcl-2 and Bcl-X L . Bim becomes dephosphorylated following withdrawal of IL-3 and SCF, while Bcl-2 and Bcl-X L appear to be phosphorylated. Several previous studies have demonstrated that the phosphorylation status can affect the function of these proteins. 20, 21, 25 Although Bim is clearly an initiator of cytokine deprivationinduced mast cell death, our results indicate that other proteins are also involved in this process. Since overexpression of Bcl-2 protected mast cells against cytokine withdrawal more potently than loss of Bim, other Bcl-2 inhibitable proteins, quite likely other BH3-only proteins, are probably activated by growth factor deprivation. Our expression analysis shows that neither Bmf nor Bad protein levels are increased upon IL-3/SCF deprivation, but these proteins might still be involved in this process if their proapoptotic activity is activated by a post-translational mechanism. Moreover, there exist several other BH3-only proteins that remain to be studied for their role in regulating mast cell apoptosis.
Collectively, our results show that Bim, together with other Bcl-2 inhibitable proteins, is involved in the regulation of apoptosis and survival of mast cells. In Figure 7a , a model is presented on how cytokine withdrawal could lead to mast cell apoptosis by activating Bim and other BH3-only proteins, thereby inhibiting the prosurvival effect of Bcl-2 and other prosurvival homologs. We have also found that IgE-receptor crosslinking upregulates the protein levels of both prosurvival and proapoptotic Bcl-2 family members, namely, Bcl-X L and Bim. Considering these results and previously published data regarding the involvement of A1 in IgE-receptor activationinduced mast cell survival, 15 we present a model for how the fate of mast cells following IgE-receptor crosslinking could be fine-tuned by prosurvival and proapoptotic Bcl-2 family members (Figure 7b ). The balance between proapoptotic and prosurvival members of the Bcl-2 protein family depends on the amounts of different family members present in a cell. Circumstances that could affect the prosurvival/proapoptotic balance include whether the proteins are in active or inactive forms, the subcellular localization of these proteins and the mode of interaction between the different family members. 37 
Materials and Methods

Mice
The mice used were Bim-deficient (266/266del) mice backcrossed for more than 12 generations onto a C57BL/6J genetic background, 16 vavbcl-2-69 transgenic mice, expressing human Bcl-2 under control of the vav promoter in all hemopoietic cells, on an inbred C57BL/6J genetic background 17 and wt C57BL/6J mice (from the Walter and Eliza Hall Institute mouse breeding facility, Kew, Australia). All experiments with animals were performed according to the guidelines of the Royal Melbourne Hospital Research Foundation Animal Ethics Committee.
Mast cell cultures
BMMC were obtained by culturing mouse bone marrow cells in RPMI medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (TRACE Scientific), 50 mM 2-ME, 50 mg/ml penicillin, 25 mg/ ml streptomycin and 1000 U/ml of IL-3 (produced by X63/0 cells transfected with a mouse IL-3 expression construct). Alternatively, BMMC were produced in medium supplemented with 1000 U/ml IL-3 and 25 ng/ml SCF (rmSCF, produced in Pichia pastoris and purified from culture supernatants by reverse phase chromatography). In one experiment for analysis of protein levels, BMMC were obtained by culturing in RPMI medium (Sigma) supplemented with 10% heat-inactivated FBS (Gibco), 10 mM HEPES buffer, 1 Â MEM nonessential amino-acid solution, 1 mM sodium pyruvate, 2 mM L-glutamine (all from Sigma), 50 mM 2-ME, 100 IU/ ml penicillin G, 50 mg/ml streptomycin and 5 ng/ml IL-3 (rmIL-3, PeproTech). All bone marrow-derived mast cells were cultured for a minimum of 3 weeks before they were used, and no experiments were performed on cells older than 9 weeks. The maturity and purity of the cells were examined by toluidine blue staining. Expression of Kit and FceRI was analyzed by flow cytometric analysis using FITC-anti-mouse CD117 (c-Kit) (2B8), FITC-conjugated rat IgG 2b isotype control (both from Pharmingen), FITC-conjugated anti-mouse FceRI-a (MAR-1) and FITC-conjugated Armenian Hamster IgG isotype control (both from eBioscience).
The mast cell line C57 38 (a gift from Dr. SJ Galli, Stanford University, Stanford, CA, USA) was cultured in RPMI medium (Gibco) supplemented with 10% heat-inactivated FBS, 50 mM 2-ME, 50 mg/ml penicillin and 25 mg/ml streptomycin.
Mast cell activation
For activation through crosslinking of the IgE-receptor, mast cells were sensitized for 90 min at 371C with a monoclonal mouse anti-TNP IgEantibody (IgEl-b4, ATCC), used as a 15% v/v hybridoma supernatant (corresponding to 1.5 mg/ml IgE). After two washings in PBS, the cells were resuspended in medium and activated by addition of 100 ng/ml TNP-BSA (coupling ratio: 9/1) (Biosearch Technologies). To the control cells neither IgE nor TNP were added, but the cells were subjected to the washing and incubation steps.
Cell death assay
To monitor cell death, cells were stained with propidium iodide (2 mg/ml) and analyzed in a FACScan (Becton Dickinson). Values presented are the means 7S.D. (n ¼ 4-6). For statistical analysis, we used an analysis of variance (ANOVA) followed by multiple comparison by Fisher's method. Differences were considered significant at Po0.05.
Western blotting
Cells were lysed in buffer containing 0.05 M Pipes-NaOH, 0.05 M Hepes, pH 7.0, 2 mM MgCl 2 , 1 mM EDTA, 1% Triton-X 100 and Complete Protease Inhibitor Cocktail tablets (Roche). The nuclei were pelleted, and the soluble fraction was used for analysis. Proteins were size-separated under reducing conditions by SDS-PAGE (NOVEX) and transferred onto nitrocellulose membranes (Amersham Biosciences). The membranes were probed with either of the following antibodies: rabbit polyclonal anti-Bim, anti-Bad, anti-Bcl-w (all from Stressgen Biotechnologies, the Bim antibody detects both Bim EL and Bim L ), anti-Bim (Affinity BioReagents, detecting both Bim EL and Bim L ), anti-Bmf, 39 anti-Bak (Sigma), anti-Bcl-2, anti-Erk, (both from Santa Cruz Biotechnology), mouse monoclonal anti-Bcl-X (clone 7B2.5, a gift from Professor C Thompson, Abramson Institute, Pennsylvania, PA, USA), anti-Hsp70 (a gift from Dr. R Anderson, Peter MacCallum Cancer Institute, Melbourne), rat monoclonal anti-Bcl-w (clone 16H12 40 ), hamster monoclonal anti-mouse Bcl-2 (clone 3F11, a gift from Professor S Korsmeyer, Dana-Farber Cancer Institute, Boston, MA, USA), HRP-conjugated goat polyclonal anti-Actin (Santa Cruz Biotechnology). The HRP-conjugated secondary antibodies used were either sheep antirabbit Ig, sheep anti-mouse Ig (both Silenus Labs), goat anti-rabbit Ig (Cell Signaling Technology), sheep anti-mouse Ig (Amersham Life Science), goat anti-rat Ig or goat anti-hamster Ig (both Southern Biotechnology Associates). Enhanced chemiluminescence system was used for detection. Each experiment was performed twice independently. For the experiments performed on BMMC, the cells were derived from separate mice.
Treatment with alkaline phosphatase
Cell lysates were divided into two fractions. One fraction was incubated in dephosphorylation buffer and 200 U/ml of alkaline phosphatase (both from Roche) at 401C for 1 h. The other fraction (control) was treated in the same way, but without the addition of alkaline phosphatase. After treatment, the lysates were analyzed by Western blotting.
